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Marek Maleszewski, Aneta Suwińska n
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a b s t r a c t
The epiblast (EPI) and the primitive endoderm (PE), which constitute foundations for the future embryo
body and yolk sac, build respectively deep and surface layers of the inner cell mass (ICM) of the
blastocyst. Before reaching their target localization within the ICM, the PE and EPI precursor cells, which
display distinct lineage-speciﬁc markers, are intermingled randomly. Since the ICM cells are produced in
two successive rounds of asymmetric divisions at the 8-16 (primary inner cells) and 16-32 cell stage
(secondary inner cells) it has been suggested that the fate of inner cells (decision to become EPI or PE)
may depend on the time of their origin. Our method of dual labeling of embryos allowed us to distinguish
between primary and secondary inner cells contributing ultimately to ICM. Our results show that the
presence of two generations of inner cells in the 32-cell stage embryo is the source of heterogeneity
within the ICM. We found some bias concerning the level of Fgf4 and Fgfr2 expression between primary
and secondary inner cells, resulting from the distinct number of cells expressing these genes. Analysis of
experimental aggregates constructed using different ratios of inner cells surrounded by outer cells
revealed that the fate of cells does not depend exclusively on the timing of their generation, but also on
the number of cells generated in each wave of asymmetric division. Taking together, the observed
regulatory mechanism adjusting the proportion of outer to inner cells within the embryo may be
mediated by FGF signaling.
& 2013 Elsevier Inc. All rights reserved.
Introduction
The ﬁrst cell fate decision in mouse embryonic development
results in the formation of the inner cell mass (ICM) and the ﬁrst
extraembryonic tissue—trophectoderm (TE), which gives rise to
the embryonic part of the placenta and to trophoblast giant cells.
Separation of these two cell populations is initiated by two
successive waves of asymmetric (differentiative) divisions occur-
ring at the 8-16- and 16-32-cell stages (4th and 5th cleavage
division) (Fleming, 1987; Johnson and Ziomek, 1981; Sutherland
et al., 1990). In addition, in some embryos, there is a third round of
asymmetric divisions at the 32-64-cell stage (Morris et al., 2010).
Shortly before implantation ICM cells differentiate into two sub-
populations: the epiblast (EPI) – a source of cells of the future
deﬁnite embryo and the primitive endoderm (PE), which con-
tributes to the endoderm layer of extraembryonic tissue – the
yolk sac.
PE and EPI lineage determination was initially thought to be
dependent on the outer or inner position of cells in the ICM
(Becker et al., 1992; Dziadek, 1979; Martin and Evans, 1975).
However, recent studies showed that the fate of cells in ICM is
largely determined prior to positioning of the PE at the blastocyst
cavity-facing surface of the ICM. It has been shown that EPI and PE
cell progenitors with speciﬁc molecular ‘identity’ (i.e., expressing
lineage-speciﬁc markers) are scattered within ICM in a random
‘salt and pepper’ pattern and are localized in both deeper and
surface compartments of the early ICM (Chazaud et al., 2006;
Meilhac et al., 2009; Plusa et al., 2008). Later in development, just
before implantation, these two populations sort out to become the
distinct layers: a monolayer of PE cells facing the blastocyst cavity
and EPI occupying an inside position.
The source of heterogeneity of ICM cells and the mechanisms of
their interaction leading to the segregation of EPI and PE progeni-
tors and their allocation into appropriate layers remain obscure.
Until the 64-cell blastocyst stage, expression of Cdx2, Gata6 and
Nanog transcription factors, which are speciﬁc for TE, PE and EPI,
respectively, overlaps in all cells of the embryo (Dietrich and
Hiiragi, 2007; Plusa et al., 2008). As development progresses,
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reciprocal inhibition between these proteins leads to mutually
exclusive expression and commitment of cells to differentiate in
particular directions (Chazaud et al., 2006; Dietrich and Hiiragi,
2007; Guo et al., 2010; Kurimoto et al., 2006; Plusa et al., 2008;
Strumpf et al., 2005). However, information when the ﬁnal
decision of EPI versus PE speciﬁcation takes place and what are
the factors responsible for this process is still missing. The study of
Chisholm and Houliston (1987) began a discussion about the role
of the time of inner cell generation in respect to whether a cell’s
fate was to differentiate into PE or retain pluripotency and
contribute to the EPI. Inner cells directed to the nascent ICM are
formed during the 4th and 5th cleavage division, i.e., at the 1st and
2nd wave of asymmetric divisions (Fleming, 1987; Pedersen et al.,
1986) and are known as the primary and secondary inner cells,
respectively. Analysis of the localization of cytokeratin ﬁlaments,
which are a common feature of extraembryonic lineages (Brulet
et al., 1980; Duprey et al., 1985), showed that the subpopulation of
ICM cells possessing these ﬁlaments was almost exclusively
derived from the 2nd wave of asymmetric division. This led to a
hypothesis that PE cells originate from secondary inner cells
formed during cleavage between 16 to 32-cell stage (Chisholm
and Houliston, 1987). Two research groups have attempted to
address this hypothesis using different experimental approaches
and have presented partially contradictory results. Using time-
lapse imaging to trace all cells of the embryo from the 8-cell to the
late blastocyst stage, Morris et al. (2010) conﬁrmed that the inner
cells, from the 1st round of asymmetric divisions, are biased to
generate EPI while cells internalized by the 2nd round have a
preference to become PE. On the other hand, Yamanaka et al.
(2010), who determined the division pattern of a single labeled
blastomere in 8-cell embryo and traced its progeny after implan-
tation, did not report any correlation between the cell origin and
its fate linking it rather with the activity of ﬁbroblast growth factor
(Fgf)/mitogen-activated protein kinase (MAP kinase) pathway.
There are several lines of evidence that formation of PE depends
on Fgf-mediated activation of growth factor receptor bound
protein 2 (Grb2) followed by the activation of MAP kinase signal
transduction pathway (Chazaud et al., 2006; Frankenberg et al.,
2011; Grabarek et al., 2012; Nichols et al., 2009; Yamanaka et al.,
2010). However, the recent study reported the requirement of Fgf4
signaling not for the initiation of PE formation, but for the
maintenance of PE cells in a subset of the ICM and establishment
of a salt-and-pepper distribution of EPI and PE progenitors (Kang
et al., 2013). Accordingly, one may presume that a combination of
the previous cleavage history of blastomeres and their mutual
interactions mediated by Fgf signaling may be responsible for the
differentiation of cells within the ICM into PE and EPI lineages.
In the context of the apparently contradictory results of the earlier
studies, we decided to study this problem by combining experimen-
tal and molecular approaches. First, we aimed to capture the earliest
Fig. 1. Scheme of experiments (G—blastomeres derived from GFP-expressing embryos; F—blastomeres derived from GFP-negative embryos; OUT—outer blastomeres;
IN—inner blastomeres).
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quantitative differences between the level of Nanog, Gata6, Fgf4,
Fgfr2, Oct4, and Sox2 mRNAs transcription in cells derived from two
subsequent asymmetric cell divisions that might create the hetero-
geneity within the developing ICM and steer the cells into particular
developmental path—EPI or PE. Next we examined the potency of
primary and secondary inner cells by testing whether if combined
into homogeneous aggregates they will still be able to reconstruct
normal blastocysts built of three primary cell lineages. Moreover, by
constructing 16-cell aggregates of inner cells surrounded by outer
cells we asked whether the fate of ICM cells, i.e., their designation to
either EPI or PE layers depends on the time at which inner cells were
generated (in 4th or 5th cleavage division). Additionally, by modifying
the number of inner cells in constructed 16-cell aggregates we
addressed the question whether the frequency of the 1st wave of
asymmetric cell divisions has any impact on the fate of inner cells to
become either EPI or PE.
Materials and methods
The study was approved by the Local Ethical Committee No. 1
(Warsaw, Poland).
Animals
We used F1(C57Bl/6xCBA/H) females and males, and C57BL/6-
Tg(UBC-GFP)30Scha/J males constitutively expressing GFP (strain
common name: ‘UBI-GFP/BL6’). UBI-GFP/BL6 transgenic animals
were generated by Brian C. Schaefer and donated by him to The
Jackson Laboratory, where our colony originates from. This trans-
genic mouse strain expresses enhanced GFP under the direction of
the human ubiquitin C promoter. Animals were kept under 14 h
light/10 h dark lighting regime.
Embryos
16-cell embryos were obtained from two months old F1
females superovulated with 10 IU of PMSG (pregnant mare’s
serum gonadothropin; Intervet, Boxmeer, Netherlands) followed
after 48 h with 10 IU of hCG (human chorionic gonadothropin;
Intervet, Boxmeer, Netherlands), and mated with F1 or UBI-GFP/
BL6 males. Females with vaginal plugs were autopsied 73–74 h
after hCG injection. Embryos at the 16-cell stage were collected by
ﬂushing oviducts and uteri with M2 medium supplemented with
4 mg/ml bovine serum albumin (BSA; Sigma-Aldrich; Fulton and
Whittingham, 1978). The zona pellucida was removed in acid
Tyrode solution (Nicolson et al., 1975).
Level of genes expression and potencies of two generations
of inner cells
The scheme of experiment is shown in Fig. 1I.
Double-labeling and disaggregation of embryos
Compacted 16-cell embryos were obtained 73–74 h after hCG
injection. They were washed in BSAþM2 medium and labeled green
using 2 min incubationwith Vybrant Multicolor Cell—labeling Kit DiO
(1:100; Invitrogen, USA). After rinsing in M2 medium embryos were
placed in KSOMmedium (Specialty Media, USA; Erbach et al. (1994)).
After 11–14 h of in vitro culture embryos with visible nascent cavity
(presumably 32-cell) were labeled red with Vybrant Multicolor Cell—
labeling Kit Dil (Invitrogen, USA). Embryos were placed in M2
mediumþBSA and incubated for 20 min at 37.5 1C in 5% CO2 in air.
Then they were incubated for 5 min in 0.5% solution of pronase
(Calbiochem, USA and Canada), transferred to Ca2þ- and Mg2þ-free
M2 medium supplemented with EGTA (0.2 mg/ml; Sigma-Aldrich)
and after 15 min disaggregated by pipetting (according to Suwińska
et al., 2008). Single blastomeres (henceforth deﬁned as 1/32) or
pairs of blastomeres were placed in separate drops of M2 medium on
glass bottom dishes (WillcoWells B.V., The Netherlands). Subse-
quently they were classiﬁed as outer (double-labeled) or inner
derived from the 1st (non-labeled; primary inner cells) or the
2nd (single-labeled; secondary inner cells) round of asymmetric
divisions (Fig. S1) under an epiﬂuorescent microscope. These three
cell populations were either frozen immediately after separation and
used for real-time PCR analysis or aggregated in homogeneous
aggregates and examined for the presence of lineage-speciﬁc markers
using immunoﬂuorescence.
Real-time PCR
We analysed mRNA levels in pools of blastomeres (up to seven
primary or secondary inner cells), collected from several 32-cell
nascent blastocysts (nine experiments), as well as pools of blasto-
meres within one embryo (eight experiments). Additionally, we
studied genes expression level in single primary and secondary inner
cells (23 and 24 individual blastomeres, respectively). mRNA was
isolated using the Dynabeads mRNA DIRECT Micro Kit (Invitrogen
Dynal, Oslo, Norway) according to the manufacturer’s protocol.
Samples were lysed in 10 μl of lysis/binding buffer. To capture mRNA,
10 μl of paramagnetic oligo-(dT)25 bead suspension was used and the
mixture was rotated for 30 min at room temperature. mRNA was
eluted from the beads by adding 10 μl of DEPC-treated water and
heated for 10 min at 70 1C with 0.5 μg Oligo(dT)12–18. The reverse
transcription was performed in total volume of 20 μl using 200 U of
Superscript II Reverse Transcriptase, 0.5 mM dNTPs and 40 UI RNase
inhibitor (Invitrogen, Carlsbad, CA, USA). Reverse transcription was
performed at 42 1C for 50 min. Synthesized cDNA was diluted two
times and preampliﬁed using TaqMan PreAmp Master Mix (Applied
Biosystem) and pooled TaqMan assays (concentration of 0.2 for
each; Table S1) for 18 cycles (95 1C for 15 s, 60 1C for 4 min). The
preampliﬁed products were 2-fold diluted prior to analysis with the
TaqMan Gene Expression Master Mix (Applied Biosystem) in OneStep
Real-Time PCR System. Relative level of expression was evaluated
using 2ΔCt method (Livak and Schmittgen, 2001), where actin B
(ActB) was used for normalization.
Pearson product-moment correlation coefﬁcient was used to
estimate the correlation of expression between pairs of investi-
gated genes and paired t-test and chi-square test was used to
analyze statistical signiﬁcance.
Re-aggregation of primary and secondary inner cells into
homogeneous aggregates
Primary and secondary inner blastomeres were stored in sepa-
rate drops of M2þBSA medium until used for aggregation. Thirty
two blastomeres of one type derived from different embryos were
reaggregated into homogeneous clusters in M2þBSA medium
containing phytohemaglutinin (300 μg/ml) in embryological watch
glass. The control aggregates were composed of blastomeres of all
three populations derived from one embryo (embryo was labeled
twice followed by disaggregation and re-aggregation). All types of
aggregates were cultured in KSOM medium for 48 h up to the
blastocyst stage and afterwards they were processed for immuno-
ﬂuorescence (Fig. 1I).
II. Fate of cells derived from two rounds of asymmetric divisions
The ﬂow chart of the experiment is shown in Fig. 1II.
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Labeling of outer blastomeres and disaggregation of embryos
Presumed 16-cell embryos were washed in BSA-free M2
medium and labeled red with 1:100 suspension of ﬂuorescent
microspheres (Fluoresbrite Multiﬂuorescent 0.2 mm Microspheres,
Polysciences, Inc. USA; Fleming, 1987) for about 40–50 s on 1%
agar. After rinsing in BSA-free medium embryos were placed in
drops of M2 mediumþBSA and incubated for 20 min at 37.5 1C in
5% CO2 in air to allow the microspheres undergo endocytosis.
Subsequently embryos were incubated in separate drops of Ca2þ-
and Mg2þ-free M2 medium supplemented with EGTA (0.2 mg/ml;
Sigma-Aldrich) for 1 h followed by disaggregation by pipetting.
Single blastomeres were classiﬁed as outer (OUT) or inner (IN)
on the basis of the amount of the label. Only blastomeres
derived from 16-cell (henceforth deﬁned as 1/16) or occasionally
15-cell embryos (after discarding 1/8 blastomere) were used in
re-aggregation procedure.
Reconstruction of embryos by surrounding inner cells with outer cells
Aggregation was performed according to the method described
above. The established method enabled cells derived from the 1st
and 2nd round of asymmetric divisions to be easily distinguished.
We constructed 16-cell aggregates by enclosing inner blastomeres
with outer blastomeres in the following ratios: 5:11, 4:12, and 3:13.
Aggregates were cultured for 48 h on 1% agar (Difco, USA) in KSOM
medium under parafﬁn oil at 37.5 1C and 5% CO2 in air. In order to
validate the precision of aggregation procedure we additionally
performed a control experiment in which newly-constructed aggre-
gates (with the ratio of OUT to IN blastomeres 11:5) were ﬁxed 5 h
post-aggregation (Fig. S2). Afterwards they were prepared for
immunoﬂuorescence.
Indirect immunoﬂuorescence
Blastocysts derived from 32-cell and 16-cell aggregates were ﬁxed
for 30 min in 4% paraformaldehyde in Ca2þ and Mg2þ-free PBS
(phosphate buffered saline, Biomed, Poland) at room temperature.
Fixed blastocysts were washed with Ca2þ- and Mg2þ-free PBS and
permeabilized in Ca2þ and Mg2þ-free PBS containing 0.5% Triton
X-100 (Sigma-Aldrich) for 30 min at room temperature. In order to
block non-speciﬁc immunoreactions blastocysts were incubated in
Ca2þ and Mg2þ-free PBS with 3% BSA and 0.05% Tween 20 (Bio-Rad
Laboratories) overnight at 4 1C. The blastocysts were treated with
primary rabbit polyclonal antibody against Gata4 (1:100; Santa Cruz
Biotechnology Inc., USA) or mouse monoclonal antibody against
Cdx2 (1:50; BioGenex, USA) overnight at 4 1C. Subsequently the
blastocysts were rinsed with Ca2þ- and Mg2þ-free PBS three times
(15 min/wash), incubated with Alexa 594 or 633—conjugated donkey
anti-rabbit IgG (1:200; Invitrogen, USA) or rhodamin-conjugated
monkey anti-mouse IgG (1:200; Jackson Immunoresearch Labora-
tories, USA) for 1.5 h at room temperature and rinsed again. Anti-
bodies were diluted in Ca2þ- and Mg2þ-free PBS with 3% BSA and
0.05% Tween 20. To stain nuclei blastocysts were incubated in
droplets of Draq5 (10 μM in PBS; Biostatus Ltd.) or chromomycin
A3 (0.01 mg/ml in PBS; Sigma-Aldrich) at 37.5 1C, for 15 min under
parafﬁn oil in glass bottom dishes. Negative controls for the
secondary antibody were performed using the same procedure
without the primary antibody.
The ﬂuorescent analysis was carried out with LSM 510 Zeiss
laser scanning confocal microscope (Jena, Germany). Figures were
assembled using Real-Draw PRO 5.2.4. The number of nuclei in
embryos was counted and the correlation between presence or
absence of GFP marker and Gata4 was recorded. The differences in
cell number between embryos were evaluated using t-Student
test. Differences at Po0.05 were considered signiﬁcant.
Results
The results are organized into two general sections. Section I is
devoted to the real-time RT-PCR analysis of speciﬁc genes expres-
sion in 32-cell stage embryos and the potency of primary and
secondary inner cells to reconstruct normal blastocysts when
combined into homogeneous aggregates (Fig. 1I). In Section II we
addressed the question whether there is a correlation between
origin of inner cells (4th and 5th cleavage division) and cell fate
decision (contribution either to EPI or to PE) (Fig. 1II) by con-
structing experimental aggregates with different ratios of inner
cells (IN) surrounded by outer cells (OUT).
I. Correlation between cell origin and transcription level of genes
essential for EPI vs PE differentiation in intact 32-cell embryos
Frequency of asymmetric divisions at the 8–16 and 16–32-cell
transition
Our method of double-labeling (with green dye at the 16-cell
stage followed by red dye at the 32-cell stage) enabled us to
distinguish both populations of inner cells in 32-cell stage embryo,
i.e., primary inner cells, derived from the 1st wave of asymmetric
division, which were devoid of label and single-labeled secondary
inner cells derived from the 2nd wave of asymmetric division (Fig. 1I
and Fig. S1; Materials and methods). The analysis of 18 complete 32-
cell embryos (with all cells preserved) showed that in 50% of the
embryos the number of primary inner cells was higher than the
number of secondary inner cells. The number of primary inner cells
varied from 4 to 10, with the average 6.78 (Table 1). In the remaining
embryos, except one, which had equal number of primary and
secondary inner cells (4), proportions were reversed, with the
predominance of secondary inner cells (2 to 9 cells, with the average
6.05). These results suggest that the total number of inner cells in
each nascent blastocyst was regulated by frequency of two subse-
quent asymmetric divisions between 8- and 32-cell stages in order
to reach the mean ratio of IN:OUTcells equal to 12.83:19.17 (Table 1).
Expression of Nanog, Gata6, Fgf4 and Fgfr2 in two generations
of inner cells
First we wanted to detect the earliest transcriptional differ-
ences between the two generations of inner cells. We analyzed the
mRNA levels for pair of genes speciﬁc for EPI (Nanog and Fgf4) and
PE (Gata6 and Fgfr2) in pools of blastomeres of each type from
32-cell nascent blastocysts. We observed that the mean expression
level of mRNA for Nanog was similar in both populations of inner
cells (Fig. 2 and Table S2). Similarly, there was no difference in the
mean expression level of Gata6 between primary and secondary
inner cells within each experiment (Fig. 2 and Table S2).
Next we investigated the level of Fgf4 and its receptor Fgfr2mRNAs.
Pools of primary inner cells expressed Fgf4 at higher level than the
secondary inner cells. In contrast, the expression of Fgfr2 was slightly
higher in secondary inner cells than in primary inner cells (Fig. 2 and
Table S2). It is noteworthy that the observed tendency for Fgf4
expression was also visible in sets of inner cells if both generations
were derived from the same embryo (Table S2). In general, in 68.8% of
experiments (11 out of 16) primary inner cells showed higher level of
Fgf4mRNA than secondary inner cells, but this tendency turned out to
be statistically insigniﬁcant (P40.05; Table S2). However, we found
inverse correlation amounting to 0.45 between expression of Fgf4
and Fgfr2 in primary inner cells (Po0.1), suggesting that high Fgf4
expression in this population may be accompanied by low expression
of its receptor.
In order to get a better insight into differences between primary
and secondary inner cells and to capture the transcriptional identity
of individual cells we analysed expression of key cell-fate genes in
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parallel at the single-cell level (Fig. 3; Table S3). We analysed 23
single primary inner cells and 24 single secondary inner cells derived
from different embryos. Nanog/Gata6 gene pair expression levels
showed no inverse correlation in cells of both generations (Fig. 3A;
Table S3). Majority of cells of both populations (96% of IN1 and 83% of
IN2; Fig. 3B; Table S3) expressed Nanog. Accordingly, the mean
expression level of this gene was slightly higher (P40.05) in IN1
population. Similarly, all cells of IN1 and IN2 displayed expression of
Gata6 and the mean expression of this gene was the same in both
inner cell generations (Fig. 3A and B; Table S3).
Our single-cell approach enabled us to conﬁrm the results for
Fgf4/Fgfr2 gene pair obtained for pools of cells and to highlight
differences in the frequency of cells expressing relevant genes within
each population. Primary inner cells, as a group had higher mean
expression of Fgf4 than secondary inner cells (P40.05) (Fig. 3A;
Table S3). This differential expression level results from higher
percent of IN1 cells expressing Fgf4 compared to IN2 cells (26% vs
8%, respectively) (P40.05) (Fig. 3B; Table S3). In contrast, the mean
expression of Fgfr2 was slightly higher in secondary inner cells
compared to primary inner cells (P40.05). This trend was also
reﬂected in the frequency of cells expressing this gene: Fgfr2
expression was detected in 26% of IN1 and 46% of IN2 cells
(Fig. 3B; Table S3). These results indicate that differences in the
mean expression level of Fgf4 and Fgfr2 observed between IN1 and
IN2 populations are the result of different number of cells with
similar, low expression of these genes.
Single-cell analysis allowed us to reveal that only small propor-
tion of both IN1 and IN2 cells expressed Fgf4 and Fgfr2. Moreover, on
the basis of co-expression of Fgf4 and Fgfr2within IN1 population we
found that the expression of this pair of genes was inversely
correlated in 8 out of 10 positive cells (80%) (Table S3).
Expression of Oct4 and Sox2 in two generations of inner cells
It is known that in pluripotent cells the Fgf4 gene is transcrip-
tionally regulated by direct binding of Oct4 and Sox2 to the Fgf4
enhancer (Avilion et al., 2003; Yuan et al., 1995). Therefore, we
decided to check whether primary and secondary inner cells differ in
the mRNA level of these pluripotency markers. We found that 100%
of IN1 and IN2 cells express Oct4 (Fig. 3B). Moreover, the mean levels
of transcript for Oct4 were equal and abundant in both populations
of inner cells when we analysed populations of cells (Fig. 2; Table S2)
as well as single cells (Fig. 3A; Table S3). In contrast, the mean
expression of Sox2 was almost 2-fold higher in primary inner cells
than in secondary inner cells (P40.05) (Fig. 3A; Table S3). This
observation reﬂected the different frequency of Sox2-positive cells in
both inner cell generations: 92% of IN1 cells and only 58% of IN2 cells
expressed this gene (Po0.05) (Fig. 3B; Table S3). However, analysis
of co-expression of genes within each single cell indicated that the
expression of Sox2 was not positively correlated with the expression
of Fgf4 and negatively correlated with the Fgfr2 (Table S3).
Ability of cells derived from two rounds of asymmetric divisions
to develop into blastocysts
In order to check the potencies (regulative abilities) of the two
types of inner cells we constructed 2 aggregates composed exclu-
sively of primary inner cells (called henceforth ‘IN 1’ aggregates) and
3 aggregates composed of secondary inner cells (‘IN 2’ aggregates).
Fig. 2. Relative expression level of Nanog, Gata6, Oct4, Fgf4 and Fgfr2 in populations of primary (IN 1) and secondary (IN 2) inner cells. Relative level of genes expression was
counted by 2ΔCt method, where ActB was used for normalization.
Table 1
Number of primary inner cells, secondary inner cells and outer cells in 32-cell embryos.
Number
of embryos
Number of
primary inner cells
Number of
secondary inner cells
Total number
of inner cells
Number
of outer cells
1 4 4 8 24
2 4 7 11 21
1 4 9 13 19
3 6 7 13 19
1 6 9 15 17
1 7 4 11 21
1 7 5 12 20
1 7 8 15 17
2 7 9 16 16
1 9 2 11 21
1 9 3 12 20
1 9 4 13 19
1 10 2 12 20
1 10 6 16 16
Mean (range) 6.7872.0 (4–10) 6.0572.4 (2–9) 12.8372.1 (8–16) 19.1772.1 (16–24)
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Additionally we made 2 control aggregates by disaggregation of
embryos into single cells and immediate random re-aggregation (‘IN
1þ IN 2þOUT’—control). Preimplantation development of aggregates
‘IN 1’ and ‘IN 2’ and control aggregates was similar (Fig. S3). About
3 h post-aggregation the reconstructed embryos started compaction
and after 48 h of culture all embryos reached the blastocyst stage
with clearly visible ICMs (Fig. S3). After 48 h of culture the mean
number of cells in 2 ‘IN 1’ blastocysts was equal to 47.577.8, and
their ICM contained 10.570.7 (22.5%) cells. The mean number of
cells in 3 ‘IN 2’ blastocysts was 70727.8, and 17.379.3 (25%) in ICM
(Table S4). However, probably due to the small experimental group
differences between the mean number of cells in both types of
aggregates are not statistically signiﬁcant. The mean number of cells
in control (‘IN 1þ IN 2þOUT’) blastocysts was 6575.7 with the
mean number of cells in ICM equal to 7.074.2 (11%, Table S4).
Immunoﬂuorescent analysis revealed that blastocysts derived
from homogeneous aggregates (‘IN 1’ and ‘IN 2’) and control
aggregates (‘IN 1þ IN 2þOUT’) contained EPI and PE layers,
identiﬁed by the presence of lineage-speciﬁc markers (Fig. 4). This
indicates that even as late as in the nascent blastocyst stage inner
blastomeres of one type after combining into homogeneous
groups are still able to regulate their development and reconstruct
morphologically normal blastocysts, which display typical expres-
sion pattern of TE and PE (Fig. 4).
II. Correlation between origin of inner cells (round of cell
internalization) and their fate
The rationale of aggregation experiment
We constructed embryos by enclosing IN blastomeres with OUT
blastomeres (Fig. 1II). Two arrangements were made: IN cells
expressing GFP (G) were surrounded by OUT GFP-negative
(F) cells (F OUT:G IN; Fig. 5A) or IN GFP-negative cells were
surrounded by OUT GFP-positive cells (G OUT:F IN; Fig. 5B).
The rationale behind this method (Fig. 5) was that inner cells
from 16-cell embryos (thus derived from the 1st wave of asym-
metric division at the transition from 8 to 16-cell stage; primary
inner cells) were placed inside 16-cell aggregate embryos. There-
fore inner cells generated in the 2nd asymmetric division (from 16
to 32-cell stage; secondary inner cells) could be distinguished
from inner cells generated in the 1st wave (primary inner cells) by
the absence or presence of a GFP marker (Fig. 5). Since we did not
observe any signiﬁcant difference in the ratio of OUT to IN
blastomeres between GFP-expressing and GFP-negative 16-cell
embryos (10.2:5.8 and 10.5:5.5, respectively; Table S5) we decided
to combine the results from both arrangements and present them
together. In 140 disaggregated 16-cell embryos the mean ratio of
OUT (labeled) to IN (non-labeled) blastomeres amounted to
10.4:5.6. The number of inner cells varied from 8 to 4. Two groups
were found to be in the majority, i.e., 10:6 (36.4%) and 11:5 (28.6%).
Taking into consideration the natural proportion of blastomeres in
intact embryos and the technical limitations (6 IN blastomeres
cannot be entirely enclosed with 10 OUT blastomeres) we decided
to make aggregates by combining OUT and IN blastomeres in the
following ratios: 11:5, 12:4, and 13:3.
Characteristics of blastocysts derived from 16-cell aggregates
In all 59 blastocysts derived from aggregates constructed using
the various ratios of OUT to IN cells the mean number of cells
varied from 71728.0 to 129722.9 (Table 2). The experimental
manipulations, to which blastomeres were subjected during
Fig. 3. Single-cell gene expression of primary and secondary inner cells. (A) Relative expression level of Nanog, Gata6, Oct4, Sox2, Fgf4 and Fgfr2. Relative level of genes expression
was counted by 2\widehat-ΔCt method, where ActB was used for normalization. (B) Percentage of cells IN 1 and IN 2 expressing relevant genes. Asterisk (*), Po0.05.
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dis- and re-aggregation, resulted in a considerable decrease in the
total number of cells in experimental blastocysts, except for those
constructed using 13 OUT: 3 IN ratio of blastomeres, when
compared to control blastocysts originating from the intact 16-
cell embryos (131710.1; Po0.01) (Table 2).
The proportion of ICM cells in blastocysts increased slightly
with the number of IN blastomeres used for the construction of
aggregates, starting with 12% for 13 OUT: 3 IN ratio and closing
with 16% in the case of 11 OUT: 5 IN ratio. However, in all types of
aggregates the relative number of ICM cells did not signiﬁcantly
differ from control embryos (Table 2).
Detection of PE marker—Gata4 enabled us to distinguish between
EPI and PE cells within ICM. The mean ratio of EPI to PE cells in all
experimental groups of blastocysts ranged from 1:1 to 1.5:1 and was
similar to that in control blastocysts (1.2:1) (Table 2).
Origin of EPI and PE cells in blastocysts that have developed from
aggregates: Dependence on the ratio of IN to OUT blastomeres
Co-expression of the GFP marker and PE marker—Gata4 per-
mitted us to examine the contribution of cells originating from the
1st and 2nd round of asymmetric divisions to the EPI and PE layers
in mature 4.5-day old blastocyst ICMs. Based on the analysis
shown in Fig. 6 (also Figs. S4 and S5 in Supplementary materials)
the origin of cells contributing to both layers of ICM was deter-
mined (Fig. 7A).
Thirty aggregates constructed with 5 cells inside and 11 cells
outside were analysed. The vast majority of the resultant blasto-
cysts (23 embryos; 77%) contained EPI cells that originated from
both waves of asymmetric divisions (Fig. 7IA). Six blastocysts (20%)
had EPI cells generated solely in the 1st wave (Fig. 7IA) and only in
one embryo was the EPI built entirely from cells derived from the
2nd wave of asymmetric divisions (Fig. 7IA). When the origin of PE
was considered, blastocysts with PE cells derived from both waves
of asymmetric division were less dominant (15 embryos; 50%;
Fig. 7IA). The number of embryos with PE layers built exclusively
from cells originating from the 1st (11 embryos; 37%) or 2nd (4
embryos; 13%) rounds of asymmetric cell division was higher than
the number of embryos with EPI layers originating solely from one
round of asymmetric division (Fig. 7IA).
When the ratio of OUT to IN blastomeres in aggregates was 12:4,
the majority (58%) of resulting blastocysts contained EPI cells derived
Fig. 5. The rationale of the experiment. (A) GFP-positive inner blastomeres
enclosed with GFP-negative outer blastomeres. Inner cells generated in the 2nd
wave of asymmetric divisions are distinguished from inner cells originated from
the 1st wave by the absence of GFP marker. (B) GFP-negative inner blastomeres
enclosed with GFP-positive outer blastomeres. Inner cells generated in the 2nd
wave of asymmetric divisions are distinguished from the 1st wave by the presence
of GFP marker.
Fig. 4. Immunoﬂuorescent analysis of blastocysts generated by aggregation of ‘IN 1þ IN 2þOUT’ (control; (A)–(A″′)) or only ‘IN 1’ ((B)–(B″′)) or ‘IN 2’ ((C)–(C″′)) 1/32
blastomeres. In blue: Cdx2 (TE marker); red: Gata4 (PE marker); white: nuclei. Arrows indicate ICM. Merged pictures on the right. Scale bar: 20 μm. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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from both waves of division (7 out of 12 blastocysts; Fig. 7IIA). Four
blastocysts (34%) had EPI layers built of progeny derived exclusively
from the 1st round, and one blastocyst had EPI cells originating solely
from the 2nd round of division. When PE cells were considered in this
ratio (12 OUT: 4 IN) the number of blastocysts with PE established
exclusively from cells derived from the 1st wave of divisions was
considerably high (50%). The number of embryos with PE cells
generated in both waves or only in the 2nd wave of divisions was
33% (4 embryos) and 17% (2 embryos), respectively (Fig. 7IIA).
In 17 blastocysts derived from blastomeres aggregated in the ratio
of 13:3, the EPI layer was derived from cells originating either from
both waves of asymmetric divisions (10 embryos; 59%; Fig. 7IIIA;
Fig. 6A) or only from the 1st wave (7 embryos; 41%). (Fig. 6B and C;
Fig. 7IIIA). We did not ﬁnd any case of blastocysts with EPI originating
from the 2nd wave only. In the majority of analyzed blastocysts the PE
layer was built of the descendants of cells of both rounds of
asymmetric divisions (13 blastocysts; 76%), in two embryos (12%)
the PE was derived exclusively from the 1st or 2nd round of division
(Fig. 7IIIA).
Contribution of primary and secondary inner cells to ICM
Our analysis showed that the majority of ICMs contained cells
originating from the 1st wave of asymmetric cell division (64.1% for
11:5 ratio, 69.0% for 12:4, and 63.6% for 13:3 ratio; Table S6). When
the ICM populationwas separated into EPI and PE cells we established
that most of the cells of both populations came from the 1st round of
asymmetric division in blastocysts reconstructed in all the analyzed
ratios: 11:5 (65% for EPI—Po0.01 and 62% for PE—Po0.05; Fig. 7IB),
12:4 (64% for EPI and 74% for PE—Po0.05; Fig. 7IIB), and 13:3 (76% for
EPI—Po0.01; Fig. 7IIIB). Interestingly, when the number of inner cells
was reduced to 3, PE cells were derived from both waves of
Fig. 6. Immunoﬂuorescent analysis of blastocysts generated by aggregation of INNER and OUTER 1/16 blastomeres: exemplary cross-sections illustrating origin of PE and EPI
cells within ICM (G OUT:F IN—three GFP-negative inner blastomeres enclosed with thirteen GFP-positive outer blastomeres). Presented results were obtained from analysis
of a few dozen cross-sections from each blastocyst. Figures show the example of cross-sections from stacks of confocal series of pictures with their description. The scheme
on the top shows conﬁguration of blastomeres and origin of cells within ICM (from the 1st, 2nd or 1þ2 round of asymmetric division). ((A)–(A″′)) red arrow—PE cells (Gata4-
positive; there is one such cell) from the 1st wave of asymmetric divisions (GFP-negative); yellow arrow—PE cells (there are two such cells) from the 2nd wave of asymmetric
divisions (GFP-positive); green arrow—EPI cells (Gata4-negative; there is one such cell) from the 2nd wave of asymmetric divisions (GFP-positive); white arrow—EPI cells
from the 1st wave of asymmetric divisions (Gata4-negative, GFP-negative). In blue: Cdx2 (TE marker); red: Gata4 (PE marker); green: GFP; white: nuclei. Merged pictures on
the right. Scale bar: 20 μm.
Table 2
Characteristics of blastocysts derived from 16-cell aggregates after in vitro culture.
Ratio of OUT to
IN blastomeres
Number
of embryos
Mean number of
cells in blastocyst (7SD)
Mean number of cells in
ICM (7SD) (%)
Mean ratio of EPI
to PE cells in ICM
13:3 17 129722.9a,bn 1673.3 (12) 1:1
12:4 12 71728.0a,c,d 973.3 (13) 1.1:1
11:5 30 88721.0b,c,e 1474.2 (16) 1.5:1
Control 16-cell embryos (intact) 5 131710.1d,e 2577.0 (17) 1.2:1
nDifferences between values marked with the same letter are statistically signiﬁcant (a, b, d, e: Po0.01; c: Po0.05).
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asymmetric divisions at similar proportions (51% of cells derived from
the 1st wave and 49% from the 2nd wave; Fig. 7IIIB). As the frequency
of two subsequent asymmetric divisions regulates the number of inner
cells in blastocyst, these results suggest that high frequency of the 1st
round of asymmetric divisions (i.e., high number of inner cells used for
aggregation) leads to differentiation of this generation of blastomeres
into both EPI and PE. When the frequency is low the 2nd round of
divisions has to compensate for the lack of PE cells and proportions
observed for the 11 to 5 and 12 to 4 ratios are no longer observed.
Fate of primary and secondary inner cells
Analysis of distribution of cells derived from the 1st and 2nd
round of asymmetric cell divisions within the EPI and PE layers
showed that in the case of the 11:5 ratio the 1st round produced
more EPI cells (61%) than PE cells (39%) (Po0.01; Fig. 7IC). This
may be a reﬂection of the fact that in this case EPI contains
generally more cells than PE (ratio 1.5:1; Table 2) in comparison
to the other ratios. For the 2nd wave of asymmetric divisions
proportions of EPI and PE contribution were similar to those
observed for the 1st wave (59% for EPI to 41% for PE). In the case
of the 12:4 ratio the 1st round of asymmetric division generated
comparable proportions of both cell lines (49% for EPI to 51% for
PE; Fig. 7IIC). For the 2nd round the proportions for EPI and PE
contribution were similar to those in 11:5 ratio (60% to 40%;
Fig. 7IIC).
When we analyzed cells from the blastocysts that developed from
aggregates of the 13:3 ratio we found statistically signiﬁcant correla-
tion between time of internalization of cells and their contribution to
EPI and PE. The number of EPI cells generated in the 1st asymmetric
divisionwas statistically higher (60%; Po0.05) than the number of PE
cells (40%) (Fig. 7IIIC). In the case of the population from the 2nd
wave the proportions were reversed and the PE lineage comprised
68% of the progeny of cells from the 2nd round, while EPI contained
only 32% of this cell population (Po0.05; Fig. 7IIIC).
Discussion
The inner cells of the mouse blastocyst are derived sequentially
from two distinct rounds of asymmetric cell divisions, when the
embryo divides from the 8-16-cell and from 16-32-cell stages
(Fleming, 1987; Pedersen et al., 1986). We analyzed whether there
is a link between the time of internalization of cells and intrinsic
cell differences that direct them either towards EPI or PE pre-
cursors. We used two approaches:
1. identiﬁcation of transcriptional differences between inner cells
derived from two different rounds of cell division that could
create heterogeneity in ICM,
2. analysis of the fate and potencies of inner cells derived from the
two rounds of asymmetric divisions whose natural position
was rebuilt in experimental aggregation embryos.
Fig. 7. Relationship between the origin of inner cells and their fate, i.e. contribution to EPI and PE when the ratio of OUT and IN blastomeres is: 11:5 (I), 12:4 (II), and 13:3 (III).
(A) The number and percentage of blastocysts with EPI and PE derived from the 1, 2 or both (1þ2) rounds of asymmetric divisions. (B) Contribution of cell descendants from
the 1 and 2 round of asymmetric divisions to EPI and PE. All the EPI (or PE) cells were considered as a whole (100%) and contribution of cells derived from both asymmetric
divisions to this lineage was calculated. (C) Contribution of EPI and PE cells in population of cell descendants of the 1 and 2 round of asymmetric divisions. Population of cells
generated in the 1 (or 2) asymmetric division was considered as a whole (100%) and contribution of EPI and PE cells to this population was calculated. Asterisk (*), Po0.05;
two asterisks (**), Po0.01; three asterisks (***), Po0.001.
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Two rounds of asymmetric division create heterogeneic inner cells
that are slightly biased towards either EPI or PE fate
Our results of the real-time RT-PCR analysis revealed some bias
in the level of Fgf4 and Fgfr2 mRNAs between cells generated in
the two subsequent waves of asymmetric divisions and inverse
correlation of expression of these two genes in primary inner cells.
It is already known that within the ICM of 64-cell stage blasto-
cysts, Nanog and Fgf4 expression is restricted to the progenitors of
EPI cells and that Gata6 and Fgfr2 expression are speciﬁc for the
progenitor cells of the PE (Guo et al., 2010). In 32-cell stage
embryos (Dietrich and Hiiragi, 2007; Guo et al., 2010; Plusa
et al., 2008) all presumptive ICM cells display overlapping expres-
sion of PE- and EPI-speciﬁc genes, a fact that underlies the known
developmental plasticity of blastomeres at this stage (Grabarek
et al., 2012; Suwińska et al., 2008; Tarkowski et al., 2010).
However, we correlated, for the ﬁrst time, the differential expres-
sion of a pair cell-fate genes (Fgf4/Fgfr2) in blastomeres of the 32-
cell stage embryo with their previous cell cleavage history. We
found a bias in the level of Fgf4/Fgfr2 pair gene expression
between the two generations of inner cells, with the level of Fgf4
higher in primary inner cells and Fgfr2 higher in secondary inner
cells of the 32-cell embryo. It is worth noting that this difference in
the expression levels between inner cell populations is the result
of higher number of Fgf4-positive and Fgfr2-positive cells (of IN1
and IN2 populations, respectively) rather than elevated genes
expression in every cell.
We also found that the bias between primary and secondary
inner cells in the expression of Fgf4 and Fgfr2 in 32-cell embryo
precedes the stage when differential mRNA levels for PE and EPI-
speciﬁc transcription factors i.e., Nanog and Gata6 are ﬁrst
observed. In fact, our single-cell analysis revealed co-expression
of Nanog and Gata6 in almost all cells of both generations. This is
consistent with the observation that the mutually exclusive (‘salt-
and-pepper’) pattern of Nanog and Gata6 gene expression within
the ICM ﬁrst appears in the 64-cell stage embryo (Dietrich and
Hiiragi, 2007; Guo et al., 2010; Plusa et al., 2008). Moreover, it is in
accordance with the results of studies on Fgf4 / embryos
demonstrating that Gata6 expression is correctly initiated in such
mutants, but that differential expression of Fgf4 and Fgfr2 is
required for the establishment of balanced numbers of PE and
EPI precursors within the ICM at the 64-cell stage (Kang et al.,
2013). As the reciprocal antagonism between Nanog and Gata6 is
known (Chazaud et al., 2006; Frankenberg et al., 2011; Singh et al.,
2007) one could presume that subtle initial differences in compo-
nents of the Fgf signaling cascade could affect the transcription
levels of Nanog and Gata6 genes, subsequently leading to domina-
tion of one protein that thus promotes acquisition of a particular
cell fate. However, the dependence of Nanog/Gata6 up- and down-
regulation on Fgf signaling is at present not clear. It has previously
been shown that Fgf4, Fgfr2 and Grb2 null embryos fail to develop
PE and its post-implantation derivatives (Arman et al., 1998;
Chazaud et al., 2006; Feldman et al., 1995; Kang et al., 2013).
Similarly, the inhibition of Fgf/MAPK pathway with a combination
of Fgfr2 and MEK inhibitors in embryos cultured from morula to
blastocyst stages results in an almost complete elimination of
Gata6- (Yamanaka et al., 2010) or Gata4-positive PE cells (Nichols
et al., 2009), and all ICM cells are shifted towards an EPI fate. On
the other hand, treatment of embryos with the speciﬁc Fgfr2
inhibitor SU5402 resulted in decrease of Gata4 and Sox17, but
did not alter the level of Gata6 (Guo et al., 2010).
The factor responsible for higher Fgf4 expression within the
ﬁrst generation of inner cells is unknown. Oct4, that is known to
bind to the Fgf4 genetic locus in pluripotent cells (Chen et al.,
2008; Yuan et al., 1995), can be excluded as a regulating factor,
since its expression level was not correlated with the expression
level of Fgf4 in the analysed pools of cells and single cells.
Moreover, we found that the mean expression of Oct4 was similar
in primary and secondary inner cells. This is consistent with the
observation that downregulation of Oct4 in presumptive PE cells
occurs only after they have become positioned on the surface of
ICM (Grabarek et al., 2012). Guo et al. (2010) indicate Sox2 as a
possible factor responsible for the direct transcriptional activation
of Fgf4 (Keramari et al., 2010; Yuan et al., 1995) and downregula-
tion of Fgfr2 (Masui et al., 2007). Thus, temporal differences in
inner cell formation could potentially create differences in Sox2
up-regulation and result in the heterogeneity within the develop-
ing ICM that would in turn lead to the EPI and PE cell fate choices
(Guo et al., 2010). Although our single-cell analysis revealed higher
Sox2 mRNA level in the earliest formed inner cells, we did not
detect any correlation between Sox2 and Fgf4 or Fgfr2 expression
within each cell, thus failing to conﬁrm this relationship.
Time of inner cell generation does not prejudge the direction
of differentiation
Our analysis of the transcription level of lineage markers in the
blastomeres has shown that the 1st wave-derived inner cells are
apparently biased to become EPI cells, whereas the 2nd wave-
derived inner cells are predisposed to form PE. However, this
differential gene expression, which is related to the time of a cell’s
internalization, does not irrevocably determine the cell fate
decision. Our aggregation experiments revealed a lack of correla-
tion between the wave of inner cell formation and the direction of
their further development, particularly when ratios of OUT to IN
blastomeres in aggregates were 11:5 and 12:4. Our results are
consistent with those obtained by Yamanaka et al. (2010),
Yamanaka (2011), who traced the post-implantation fate of labeled
1st- and 2nd-wave-derived cells and did not observe apparent
linkage between origin of cells and their later fate. In contrast
Morris et al. (2010) followed the fate of all cells in embryos from
8-cell to the late blastocyst stage and found strong correlation
between the wave of inner cell formation and contribution of cells
to PE and EPI. Up to 75% of cells derived from the 1st round of
asymmetric division gave rise to EPI, whereas 85% of cells that
originated from the 2nd division contributed ultimately to the PE
(Morris et al., 2010).
The total number of inner cells is regulated by the frequency
of asymmetric divisions between 8- and 32-cell stage
The correlation between the time of cell internalization and PE/EPI
cell fate observed by Morris et al. (2010), Morris (2011) was visible
only when intact embryos at 16-cell stage contained a very small
(1–3) number of inner cells. We therefore constructed aggregates
composed of 13:3 ratio of OUT to IN blastomeres and, indeed,
conﬁrmed that in such a case there is statistically signiﬁcant bias of
primary inner cells to EPI fate, and secondary inner cells to PE fate. In
agreement with the results from other laboratories (Bischoff et al.,
2008; Fleming, 1987), the results of our analysis of double-labeled
embryos indicate that the proportion of outer to inner cells within the
embryo seems to be regulated by frequency of the two asymmetric
divisions i.e., a deﬁciency of inner cells originated at the 1st round is
compensated at the 2nd round. But when the number of inner cells at
16-cell stage is high (5–6 cells), the 2nd round usually adds only 1–2
cells. In the light of our current results, we suggest this regulationmay
be mediated by Fgf signaling. Accordingly, in the cases when there is a
small number of primary inner cells, the levels of Fgf4 that they
produce may not be sufﬁcient to activate the Fgfr2 receptors and
majority of the 1st generation inner cells give rise to EPI. Conversely,
when the number of primary inner cells is high, there is sufﬁcient Fgf4
produced to reach the threshold required to stimulate some of them
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acquire an ultimate PE identity. In this case PE cells arise from an
available pool of cells and the correlation between the time of inner
cell formation and cell fate no longer holds.
Frequency of asymmetric divisions does not depend on the strain
of mouse used
It is possible that the discrepancies observed between the
results reported by Morris et al. (2010) and Yamanaka et al.
(2010) may have arisen from the fact that these investigators used
different strains of mice, which may differ in their frequency of
asymmetric divisions (Morris, 2011). Our study has shown that the
mean number of primary inner cells in our single-labeled 16-cell
embryos (5.6) and double-labeled 32-cell embryos (6.8) more
resembled the observations of Yamanaka et al. (4.8) and other
authors (Fleming, 1987; Handyside, 1981; Suwińska et al., 2008),
rather than those reported by Morris et al. (2.8). This is despite
Morris et al. used the same females F1(C57Bl/6xCBA/H) as we
report here but crossed with different males (CAG:GFP-GPI). In our
aggregation experiments we found that the male’s genotype did
not affect the proportions of cells internalized in each wave of
asymmetric division as we had used two types of 16-cell embryos:
derived from females F1(C57Bl/6xCBA/H) crossed either with F1
(C57Bl/6xCBA/H) or C57BL/6-Tg(UBC-GFP)30Scha/J males.
Potencies of inner cells derived from the two rounds of asymmetric
divisions are not restricted
Tarkowski et al. (2010) have shown that single inner cells at 32-
cell stage are still able to contribute to all three lineages when
aggregated with carrier tetraploid blastomeres. Here, we proved that
in spite of having an ‘identity’, as determined by speciﬁc gene
expression patterns, the primary and secondary inner cells when
experimentally perturbed do retain the potency to form TE, PE and
EPI lineages. Homogeneous 32-cell aggregate embryos composed
entirely of one type of inner cell give rise to apparently normal
blastocysts expressing the marker genes of all three lineages, thus
conﬁrming the regulative capabilities of the cells at this stage.
According to Lorthongpanich et al. (2012), inner cells when isolated
from each other may acquire ‘trophectoderm-like’ character. How-
ever, we do not consider this to be a compounding factor in our
experiments as we obtained blastomeres from intact morulae and
the time in which blastomeres were kept in separation before
aggregation did not exceed 1 h. Moreover, it has already been shown
by Johnson and Ziomek (1981a) that the phenotype of single cells
understood as their polarization at the 16-cell stage is stable even
after 11 h of culture.
We have previously shown that aggregates composed of all inner
cells (derived from both rounds of asymmetric divisions) are able to
form normal blastocysts but, probably due to a delayed formation of
new TE, are incapable of implanting (Suwińska et al., 2008). Due to
the methodological limitations, (i.e., very low efﬁciency of obtaining
our aggregates), we did not transfer our experimental blastocysts into
the pseudopregnant recipient females, so we cannot prove that they
are functional and able to develop into normal mice. However, taking
into consideration results of Suwińska et al. (2008), one may assume
that blastocysts derived from aggregates after going one step further,
(i.e., after separating inner cells into two subpopulations), would also
fail to implant. Nevertheless, these blastocysts still display normal
morphology with appropriate TE, EPI and PE marker genes expression
as assayed by immunostaining for Cdx2 and Gata4 proteins.
In summary, mouse embryogenesis appears to be a highly
regulative process with only subtle trends that inﬂuence/guide
rather than restrict/decide cell fate. Based on our results we
propose a model of PE/EPI speciﬁcation that positions differential
cell responsiveness to Fgf signaling (resulting from time of cell
internalization rather than intrinsic noise) upstream of the up-
and downregulation of the PE- and EPI-speciﬁc transcription
factors (Fig. 8). We demonstrate directly that the occurrence of
two inner cell generations is the source of molecular heterogeneity
in the ICM. Inner cells generated earlier display higher expression
levels of Fgf4 mRNA and lower of Fgfr2 mRNA in comparison to
inner cells derived from the 2nd round of asymmetric divisions
and thus represent putative EPI-fated cells. However, of signiﬁcant
importance in acquiring a particular fate by ICM cells seems to be
the frequency of the 1st asymmetric division. Our results suggest
that this frequency not only plays a role in the regulation of outer
to inner cells proportion in emerging blastocyst, but together with
Fgf signaling acts to adjust the proportion of EPI and PE cells
within the ICM. When the number of inner cells generated in the
1st round of asymmetric divisions is relatively small (i.e. 3 cells)
the produced level of Fgf4 protein may not be sufﬁcient to activate
Fgfr2. Thus, most of cells originating from this wave contribute to
EPI and the 2nd wave has to compensate for PE progenitor cells.
When the number of inner cells at 16-cell stage is increased, the
2nd round usually adds only 1–2 cells and both EPI and PE cells
arise mainly from the 1st wave. In this way the level of produced
Fgf4 can reach a threshold required to stimulate some of the cells,
Fig. 8. Model of EPI vs PE speciﬁcation. (A) Generation of two populations of inner
cells and segregation of EPI and PE progenitors. Blastomeres derived from the 1st
wave of asymmetric divisions display higher level of Fgf4 mRNA and lower level of
Fgfr2mRNA than inner cells originating from the 2nd round of asymmetric division
(16-32-cell stage). When the frequency of the 1st round of asymmetric divisions
is high, the level of Fgf4 protein exceeds the threshold needed to induce PE
differentiation in the subset of cells within the 1st wave-derived population. The
2nd wave adds small number of cells, thus EPI and PE lineages arise mainly from
the 1st wave of asymmetric divisions and any existing bias between origin of cells
and their fate is lost. When the frequency of the 1st asymmetric division is low,
level of Fgf4 is insufﬁcient to drive cells into PE fate. Most of them contribute to EPI
population and the 2nd wave has to compensate for the PE population, so bias of
EPI cells to be generated in the 1st round and PE in the 2nd is observed. Inner cells
derived from the 2nd wave of asymmetric divisions display slightly higher
expression level of Fgfr2 and thus are able to respond to Fgf4 signal generated by
primary inner cells, what may direct them towards PE fate. At the late blastocyst
stage 4100 cells) EPI and PE progenitors reach their ﬁnal destinations within ICM
as a result of dialog between cells and subsequent segregation of both cell
populations into respective layers (B) Communication between two generations
of inner cells. Fgf4, produced and secreted mainly by cells originating from the 1st
round of asymmetric division, interacts with Fgfr2 that is highly expressed on the
surface of PE progenitor cells, leading to increase of Gata6 expression in prospective
PE cells.
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to acquire PE identity and any existing bias is now lost. Our model
has additional support in the ﬁnding that ES cells microinjected
into 8-cell stage embryos can dominate the EPI layer and give rise
to pups derived exclusively or almost exclusively from introduced
ES cells (Poueymirou et al., 2007). As the number of cells micro-
injected is usually considerably high, one may assume that level of
Fgf4 they produce is sufﬁcient to steer cells of the host embryo into
acquiring TE and PE fate only.
The initiation of reciprocal expression of PE and EPI-speciﬁc
genes in the progenitors of the PE and EPI lineages seems to
depend on the interactions between the two generations of inner
cells. These cells that are initially scattered randomly within the
ICM differ in their level of Fgf4/Fgfr2 expression and hence they
differ in the competence to respond to Fgf4 signaling. However, the
emergence of this biased gene expression does not result in the
loss of an individual cell’s plasticity, that is largely dependent on
the surrounding milieu.
Apart from the subtle intrinsic features (‘identity’) of individual
cells that make them slightly directed to become either pre-EPI or
pre-PE cells, there must be some regulative mechanisms, that, by
regulating the frequency of asymmetric divisions, adjust the
number of blastomeres in the prospective cell lineages.
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